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REMARKS 

Status of the Claims 

Claims 1-4 and 44 have now been canceled without prejudice or disclaimer. 
Applicants reserve the right to pursue these claims in subsequent and pending 
applications. Claims 7-30 were withdrawn by the Examiner in the Office Action. Claims 
45-49 have now been newly added. Previously presented claims 5-6 and 31-43 as well 
as new claims 45-49 are now pending. 

Amendment of Claims 

Claims 5 as amended is an independent claim and claims 31 , 33-36 and 38 were 
amended to depend from claim 5. 

Claim 36 was amended in responsive to the Examiner's rejection of the claim as 
being indefinite. 

Claim 42 as amended is also an independent claim. 

Claims 31 and 33-34 were amended by the addition of the word "thereof." This 
amendment achieves consistency in the language of the claims (i.e. claims 5, 31-36, 
38-40, 42, 45-49) that refer to "a monoclonal antibody or fragment thereof ." This 
amendment does not change the scope of the claims. 

Claims 32, 35, 37, 39-40 were amended by the substitution of "the" with "a" 
and/or the deletion of "a" as indicated to achieve consistency in the language of the 
claims. This amendment does not change the scope of the claims. 

None of the amendments introduce new matter. 
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Claim Objections 

Rejections under 35 U.S.C. S 112. second paragraph 

Claims 4 and 36-37 were rejected under 35 U.S.C. § 112, second paragraph, as 
being indefinite. We note that we assume that in section 8.B. of the Office Action the 
Examiner referred to claim 36 and not to claim 35 as stated. Applicant canceled claim 
4, rendering its rejection moot. Applicant amended claim 36 in response to this 
rejection. The amendment adds a claim limitation that clarifies the role of an antibody of 
the invention in the claimed phamnaceutical composition for gene therapy treatment. 
The role of the antibody is not to replace an absent or defective gene, but to direct the 
composition to specific target cells, namely cells that express integrin alphalO betal . 

This amendment does not add new matter and is supported by the specification 
(see paragraphs 346-355, and In particular paragraphs 350-351). Paragraphs 346-355 
of the specification disclose the usefulness of a monoclonal antibody of the invention, or 
fragment thereof, for targeting therapeutic agents to alphalO betal expressing cells. 
This includes the targeting of therapeutic agents to alphalO betal expressing cells by 
gene therapy. Paragraphs 350-355 specifically disclose various embodiments in which 
a monoclonal antibody of the invention, or fragment thereof, is used for targeting 
therapeutic genes to alphalO betal expressing cells by gene therapy methods involving 
viral or non-viral delivery systems. Further relevant embodiments are disclosed in 
paragraphs 356-367 of the specification. 

Applicant asserts that the Examiner's ground for rejection of claim 36 for 
indefiniteness is overcome by the described claim amendment and Applicant therefore 
respectfully requests that this rejection be withdrawn. 
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The amendment of claim 36 also resolves the Examiner's objection to Claim 37. 

Applicant respectfully requests that the rejection of claim 37 for indefiniteness also be 

withdrawn. 

Rejections under 35 U.S.C. S 112. first paragraph 

Claims 1-6 and 31-44 were rejected under 35 U.S.C. § 1 12, first paragraph, as 
not being enabled for lack of proof of ready public availability of the hybridoma DSM 
ACC2583 and NSO cells. The Examiner stated that a deposit of the hybrldoma/cells 
under the Budapest Treaty may satisfy this enablement requirement. In response, 
Applicant states that the hybridoma cell line was deposited under the Budapest treaty at 
the DSMZ in Germany which acts as an International Depository Authority (IDA) for the 
deposit of biological material for the purposes of patenting under the Budapest Treaty. 
A copy of the confirmation by the DSMZ of the deposit under the Budapest treaty and of 
the viability of the deposited hybridoma cells is enclosed as evidence. Applicant 
respectfully requests that this rejection be withdrawn. 

Claims 33-37 were rejected under 35 U.S.C. § 1 12, first paragraph, as not being 
enabled for the administration vehicles or phannaceutical compositions referred to in 
these claims. The Examiner acknowledged, however, that the specification is enabling 
for a monoclonal antibody capable of binding to the extracellular l-domain of integrin 
alphalO, a hybridoma cell line, a composition and kit thereof. The rejection is based on 
the argument that undue experimentation is required to practice the claimed 
phannaceutical composition/ administration vehicle with a reasonable expectation of 
success, because of (a) the absence of a specific and detailed description of use, (b) 
the absence of working examples providing evidence of reasonable expectation of 
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effectiveness in vivo, (c) the lack of predictability In the art at the time the invention was 
made, and (d) the absence of a rigorous correlation of pharmacological activity between 
the disclosed in vitro studies and an in vivo use. Applicant respectfully traverses. 

Claims 33-37 pertain to pharmaceutical compositions or administration vehicles 
comprising a monoclonal antibody of the invention. These pharmaceutical compositions 
and administration vehicles are disclosed in the specification, for example, in 
paragraphs 346-356. 

(a) Alleged absence of a specific and detailed descriotion of use . The art at the 
time of filing described a large variety of antibodies against cell surface epitopes that 
have been successfully made and used in vivo in form of phamiaceutlcal compositions 
or administration vehicles. Most relevant, the art described a large variety of antibodies 
that had been developed as integrin antagonists and tested successfully in animal 
models or clinical trials. Shimaol<a M, Springer TA., Tlierapeutic antagonists and 
confonnational regulation of integrin function, Nat Rev Drug Discov. 2003 Sep; 2(9) JOS- 
IS. These included monoclonal antibodies directed against the l-domain of integrin 
alpha chains. As a case in point, phase III clinical trials for treatment of psoriasis had 
been successfully concluded using a monoclonal antibody against the l-domain of 
Integrin alphaL. CattierJC, CattierJC, MenterA., Modulating T cell responses for the 
treatment of psoriasis: a focus on efalizumab. Expert Opin Biol Then 2003 Apn 3(2) :361- 
70. 

Therefore, one skilled in the art at the time of filing would have known how to 
make and use a pharmaceutical composition or administration vehicle comprising a 
monoclonal antibody of the invention. "Detailed procedures for making and using the 
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invention may not be necessary if the description of the invention itself is sufficient to 

permit those skilled in the art to make and use the invention." MPEP § 2164. Hence, a 

more specific and detailed description of use is not required to enable the invention. 

(b) Alleged absence of working examples providing evidence of reasonable 
expectation of effectiveness in vivo . The fact that the specification does not contain a 
working example describing the use of a claimed pharmaceutical composition or 
administration vehicle in vivo does not by itself support a rejection based on non- 
enablement. "The specification need not contain an example if the Invention is 
otherwise disclosed in such manner that one skilled in the art will be able to practice it 
without an undue amount of experimentation." MPEP § 2164.02. In weighing the 
underlying factual findings in an enablement determination, the absence of a working 
example Is not a strong factor If the art involved Is predictable and well developed, as Is 
the case here (see below). 

(c) Alleged lack of predictability in the art at the time the invention was made . It 
was well established In the art at the time of filing that the l-domain Is a major ligand- 
blnding domain and that this domain recognizes the ligand directly. Shimaoka M, 
Springer TA., Therapeutic antagonists and conformational regulation ofintegrin 
function, Nat Rev Drug Discov. 2003 Sep;2(9):703-16. The art also recognized that 
because the l-domain binds the ligand directly, binding of another molecule, such as an 
inhibitory molecule, to the l-domain is "a straightforward way to block function [of the 
llgand-lntegrin interaction] competitively". Id. at 713 (emphasis and parenthesis added). 
Indeed, many of the inhibitory antibodies described In the art at that time were directed 
against the l-domain of integrins. For example, Diamond, M.S., et al.. The I domain is a 
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major recognition site on the leukocyte integrin Mac-1 (CD11b/CD18) for four distinct 

adhesion ligands, J. Cell Biol. 120, 1031-1043 (1993); REF94. Hence, the art at the 

time of the invention was well developed and predictable, and there was a high degree 

of expectation of success in vivo for a pharmaceutical composition or administration 

vehicle comprising a monoclonal antibody that binds specifically to the l-domain of an 

integrin. 

(d) Alleged absence of a rigorous correlation of pharmacological activity between 
the disclosed in vitro studies and an in vivo use . Finally, the alleged absence of 
rigorous correlation of pharmacological activity between disclosed in vitro studies and 
an in vivo use relates to the absence of a working example and the predictability in the 
art, as discussed above. "An applicant need not have actually reduced the invention to 
practice prior to filing." MPEP § 2164.02. Hence, the absence of actual in vivo data is 
not a strong factor, let alone a sufficient basis in itself, for rejecting claims that pertain to 
an in vivo use, in particular where the art at the time of the invention was well developed 
and predictable, as is the case here (see above). 

Together - considering the well developed state of the art, the manifold prior 
success of this type of invention, and the predictability of the art no undue 
experimentation would be required to practice the invention. Testing the pharmacology 
and efficacy of a pharmaceutical composition or administration vehicle comprising a 
monoclonal antibody against a cell surface epitope was standard procedure in the 
biotechnology or pharmaceutical industry at the time of the invention. The fact that such 
experimentation may involve animal models and clinical trials may make it complex, but 
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it does not make it undue, if the art typically engages In such experimentation. MPEP § 
2164.01. 

Based on the above considerations, Applicant respectfully request that the 
rejection of claims 33-37 as not being enabled be withdrawn. 

Reiections under 35 U.S.C. S 102(b) 

Claims 1-2 and 31, 33, 35-36 and 44 were rejected under 35 U.S.C. § 
102(b) as being anticipated by WO 99/51639. Applicant respectfully notes that the 
second paragraph of section 13 ("...that the reference antibody does not specifically 
recognized by the monoclonal antibody produced by the deposited hybridoma...") was 
not understood. 

Claims 1-2 and 44 have been cancelled, rendering the rejection of these claims 

moot. 

Claims 31, 33, and 35-36 have been amended in response to this rejection by 
limiting the scope of the claims to pharmaceutical compositions and administration 
vehicles comprising specifically a monoclonal antibody or fragment thereof according to 
claim 5. Therefore, Applicant respectfully requests that the rejection of claims 31 , 33, 
and 35-36 be withdrawn. 

Reiections under 35 U.S.C. S 103(a) 

Claims 1 and 3-4 were rejected under 35 U.S.C. § 103(a) as being unpatentable 
over W099/51639 in view of Owens et a/.. Claims 1 and 3-4 have been cancelled, 
rendering the rejection of these claims moot. 

Claims 1 and 32, 38 and 40 were rejected under 35 U.S.C. § 103(a) as being 
unpatentable over W099/51639 in view of US patent 6,096,873. Claim 1 has been 
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cancelled, rendering the rejection of this claim moot. Claims 38 has been amended in 

response to this rejection by limiting the scope of the claim to a kit comprising 

specifically a monoclonal antibody or fragment thereof according to claim 5. 

Furthermore, because of the amendments to claims 31 and 38, the scope of dependent 

claims 32 and 40 has also been narrowed to a claimed composition or kit comprising 

specifically a monoclonal antibody or fragment thereof according to claim 5. Therefore, 

Applicant respectfully requests that the rejection of claims 32, 38 and 40 be withdrawn. 

Claim 39 was rejected under 35 U.S.C. § 103(a) as being unpatentable over 
W099/51639 in view of Male. Because of the amendment to claim 38, the scope of the 
dependent claim 39 has now been narrowed to a kit comprising specifically a 
monoclonal antibody or fragment thereof according to claim 5. Thus, Applicant 
respectfully requests that the rejection of claim 39 is also withdrawn. 

Provisional rejections for double patenting 

Claims 1-2, 31, 33, 35-36 and 44 were provisionally rejected as being 
unpatentable over claims 135 and 137-143 of co-pending application 11/347,179 under 
the judicially created doctrine of non-statutory obviousness-type double patenting. 
Claims 1-2 and 44 have been canceled, rendering the rejection of these claims moot. 
The scope of claims 31 , 33, and 35-36 has been narrowed by amendment to relate only 
to compositions and administration vehicles comprising specifically a monoclonal 
antibody or fragment thereof according to claim 5. Therefore, Applicant respectfully 
requests that these rejections be withdrawn. 
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Conclusion 

As Applicant has addressed all of the Examiner's rejections and demonstrated 
that the now pending claims are patentable over the art of record. Applicant respectfully 
requests entry and timely allowance of the pending claims. 

Please grant any extensions of time required to enter this response and charge 
any additional required fees to our deposit account 06-0916. 



Respectfully submitted 



FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, LLP. 




Dated: April 30, 2007 



Anthony C. Tridico 
Reg. No. 45,958 
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THERAPEUTIC ANTAGONISTS AND 
CONFORMATIONAL REGULATION 
OF INTEGRIN FUNCTION 



Motomu Shimaoka and Timothy A. Springer 

Integrins are a structurally elaborate family of adhesion molecules that transmit signals bi- 
directionally across the plasma membrane by undergoing large-scale structural rearrangements. 
By regulating cell-cell and cell-matrix contacts, integrins participate in a wide range of biological 
processes, including development, tissue repair, angiogenesis, inflammation and haemostasis. 
From a therapeutic standpoint, integrins are probably the most important class of cell-adhesion 
receptors. Recent progress in the development of integrin antagonists has resulted in their clinical 
application and has shed new light on integrin biology. On the basis of their mechanism of action, 
small-molecule integrin antagonists fall into three different classes. Each of these classes affect 
the equilibria that relate integrin conformational states, but In different ways. 



Members of the integrin family of adhesion molecules 
are non-covalently-associated a/(5 heterodimers that 
mediate cell-cell, cell-extracellular matrix and 
celi-pathogen interactions by binding to distinct, but 
often overlapping, combinations of ligands (ROX i). 
Eighteen different integrin a-subunits and eight differ- 
ent p-subunits are present in vertebrates, which form 
at least twenty-four a/p heterodimers, perhaps making 
integrins the most structurally and functionally diverse 
family of cell-adhesion molecules'-^ (FIG. i ). Half of inte- 
grin a-subunits contain inserted (1) domains, which 
are the principal ligand-binding domains when 
present^-"*. The complexity, and structural and func- 
tional diversity of integrins allows this family of adhe- 
sion molecules to play a pivotal role in broad contexts 
of biology, including inflammation, innate and antigen- 
specific immunity, haemostasis, wound healing, tissue 
morphogenesis, and regulation of cell growth and dif- 
ferentiation'-^. Conversely, dysregulation of integrins is 
involved in the pathogenesis of many disease states, 
from autoimmunity to thrombotic vascular diseases to 
cancer metastasis^ Therefore, extensive efforts have 
been directed towards the discovery and development 
of integrin antagonists for clinical applications. 
Significant advances have been made in targeting 



(Xllbp3 on platelets for inhibiting thrombosis*, fxvf»3 
and ( xvp.5 for blocking tumour metastasis, angiogenesis 
and bone resorption', and P2 integrins and «4 integrins 
on leukocytes for treating autoimmune diseases and 
other inflanmiatory disorders**'. 

Small-molecule integrin inhibitors not only interfere 
with ligand binding, but also stabilize particular inte- 
grin conformations, which has provided insiglits into 
integrin structural rearrangements. In this review, we 
focus not only on antagonists of integrins as promising 
dierapeulics, but also on what the drug discovery litera- 
ture can teach us about the conformational regulation 
of integrin structure and function, and what structural 
and mutational studies on integrins teach us about the 
mechanism of action of antagonists. The reader is 
referred elsewhere for reviews of the extremely large 
variety of small molecules and antibodies that have 
been developed as integrin antagonists, and results in 
animal model studies and human clinical trials^''. 

Overview of integrin structure 

Integrin heterodimers and integrin domains. Integrins 
are large glycoproteins with multiple domains. 
Integrin ligand-binding function is tightly linked to 
molecular conformation. On activation, dramatic 
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Box 1 I Integrin llgands 



Integrins bind extracellular matrix ligaiids as well as cell -surface receptors. Fibrinogen 
— a dimeric soluble plasma protein that plays important roles in blood dotting, wound 
healing and inflammation"''^'''^' — is also one of the most important extracellular 
matrix ligands for integrins including anb(53, av[53, aMp2 and aXp2. Fibrinogen is 
protcolytically converted by thrombin to fibrin that self-assembles into an insoluble clot 
with a network-like structure. Binding to and crosslinking of allbp3 on platelets by 
fibrinogen is required for platelet aggregation, which is crucial in thrombus formation. 
Fibrinogen also binds to aMp2 and CjtXp2, and is involved in inflammation by 
facilitating leukocyte adhesion to fibrinogen-deposited tissue and implants. 

On the other hand, intercellular adhesion molecules (ICAMs) are immunoglobulin 
superfamily members that are among the most important cell-surface ligands for 
integrins including aLp2, aMp2, c-iXp2 and aD[32 (REF. 92). ICAM-1 is expressed on 
endothelial cells as well as on leukocytes. ICAM- 1 is upregulated on endothelial celts 
by inflammatory stimuli such as tumour-necrosis factor-a. By interacting with p2 
integrins, ICAM-1 plays a pivotal role in leukocyte migration into the tissue from the 
blood stream. ICAM-I on antigen-presenting cells functions as a co-stimulatory 
molecule to T-cel! receptors by signalling through leukocyte function-associated 
antigen-1 on T cells and taking part in immunological synapse formation^. 



rearrangements occur in the overall spatial relation- 
ships of integrin domains'*. Understanding the structural 
basis of integrin activation in detail is essential for 
understanding the mechanism of antagonism by thera- 
peutics, as well as for the design of second-generation 
antagonists with novel mechanisms of action. 

Integrins comprise two non-covalently-associated 
type I transmembrane glycoprotein a- and p-subunits. 



Each subunit contains a large extracellular domain, a sin- 
gle transmembrane domain and, except for integrin [^4, 
a short cytoplasmic tail (PiG. 2). The integrin a-subunit 
ectodomain of >940 residues contains four domains (five 
in I-domain-containing integrins) and the p-subunit of 
-640 residues contains eight domains (fig. 2). Tlie crystal 
structure of extracellular parts of avp3 integrin that lacks 
an I domain revealed the structure in a bent conforma- 
tion of eight domains, and a portion of the ninth, out of 
the twelve domains predicted to be present (Fio. 2l>)'". The 
structures of lntegkin-egp domains 2 and 3 of the p2 sub- 
unit were determined by nuclear magnetic resonance, 
and these complemented a part of tlie missing portions of 
the avP3 structure'^ The N-terminal portions of the 
a- and p-subunits fold into the globular headpiece, 
which is connected tlirough a- and p-tailpiece domains 
to the membrane'*-^*^^-. Dramatic rearrangements occur 
in the orientation of these domains during integrin 
activation (Fk;. 3a-c)'^. In this review, we focus on the 
p-propeller, 1-like and I domains, because these are the 
ligand-binding domains and the domains to which 
known antagonists bind (F[(;S3cand4). However, it should 
be emphasized that in the bent conformation, extensive 
interfaces — totalling >4,000 of solvent-accessible 
surface — arc buried between the headpiece and tailpiece, 
and benveen the a-tailpiece and p-tailpiece. These inter- 
laces stabilize the bent conformation, and are important 
in regulating the equilibrium between the bent and 
extended integrin conformations (FIG. .^a-c)^'-^*. 



INTEtlKlN-EGF DOMAIN 
A module in c>:steine-ridi repeats 
in the inU'grin fl-subunit stalk 
region adopts a nosccoiie-shaped 
variant of the epidermal growtli 
factor (EGF) fold, termed an 
integrin-EGF (l-EGF) domain. 






Figure 1 | Integrin heterodlmer composition. Integrin «♦ and p-subunits form 24 heteroditners that recognize distinct but 
overlapping ligands. Half of the a-subunits contain I domains (asterisked). 
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Figure 2 | Integrin architecture, a | Organization of domains within the primary structure. Some ct-subunits contain an I domain 
inserted in the position denoted by the brol<en lines. Cysteines and disulphide bonds are shown as lines below the stick figures. 
Red and blue asterisks denote Ca^'- and Mg^^-binding sites, respectively, b | Arrangement of domains withiin the three-dimensional 
crystal structure of avp3 (RER 18). witfi an I domain added. Each domain is colour-coded as in a. (^TD, p-tall domain; l-EGF, 
integrin-epidermal growth factor domain; PSI, plexin/semaphorin/integrin. 



vWF'typeA domains: I domain and l-like domain. All 
integrin (i-subunits and half of integrin a-subunits 
contain von Willcbrand factor (vWF)-type A domains 
of -200 amino acids in length, also referred to as the I 
domain in the a-subunit and the I-like domain in the 
p-subunit, respectively (fios i and Z)^'^. Each domain 
adopts an a/p Rossmann fold with a metal-ion-depen- 
dent adhesion site (MIDAS) on the 'top' of tlie domain, 
whereas its C- and N-terminal connections are on the 
distal 'bottom' face^-'**-^^'-^*' (RGS 5 and 6). Divalent cations 
are universally required for inlegrins to bind ligands 
and the metal at the MIDAS directly coordinates to a 
glutamic acid (Glu) or aspartic acid (Asp) residue in 
the ligand. This metal-dependent interaction through 
the MIDAS has a central role in ligand recognition by 
the I and I-like domains. 

/ domain. The I domain, which is inserted between 
blades 2 and 3 of the p-propeller domain of the 
a-subunit (FIG. 2a )^'. is a major ligand-binding domain 
and recognizes ligand direcdy when it is present^*'*. The 
ability of the I domain to bind ligand is controlled by 
conformational changes; the affinity of the I domain ior 
its ligand is enhanced by downward axial displacement 
of its C-terminal helix, which is conformationally linked 



to alterations of the MIDAS loops and Mg^^ coordina- 
tion-^""-^- (FIG. s). In the aise of aLp2, compared with the 
default, low-affinity conformation, downward dis- 
placements by one and two turns of the helix lead to 
intermediate- and high-affinity conformations with 
-500- and 1 0,000- fold increased affinity, respectively*^. 

Conversely, binding of ligand to the MIDAS of the 
I domain induces conformational change by stabilizing 
the high -affinity conformation. These changes include 
rearrangements in metal coordination in the MIDAS 
and backbone movements in the loops surrounding 
the MIDAS, which are linked to a downward axial dis- 
placement of die C-termina! helix (FiG.4)-*-'*'''\ 

I-like domain. The p-subunit l-like domain, which is 
inserted in the hybrid domain of the p-subunit (HiGS 
2a. 3b and 3c), directly binds ligand in integrins that 
lack I domains in the a-subunit (F[GS 3cand 7). By con- 
trast, when the 1 domain is present, the I-like domain 
lunctions indirecdy by regulating the I domain (fig. 4). 
Compared to the I domain, the 1-likc domain con- 
tains two long loops, including one which is impor- 
tant for determining ligand specificity, and is referred 
to as the specificity-determining loop (SDL)-*'. On 
either side of the MIDAS, the I-like domain contains 
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a Bent form with closed headpiece b Extended form with closed headpiece c Extended form with open headpiece 

bound by cRGD 




Figure 3 | Domain organization and global conformational changes of the extracellular portion of integrins. Three 
distinctive conformations are illustrated for integrin av|J3, which lacks an I domain. The conformations are based on crystal"-*^, 
nuclear magnetic resonance'"* and electron rnicroscopy^-^ structures. Ribbon representations were prepared as described"'*, 
a I Bent conformation (low affinily). b ! Extended conformation with closed headpiece {inlermediale affinity), c | Extended 
conformation with open headpiece (high affinity) bound by cyclic Arg-Gly-Asp (cRGD) peptide (shown as a space-filling 
representation with black balls). Ca^* and Mg** ions are gold and silver spheres, respectively. 1-EGF, integrin-epiderma) growth 
factor domain; PSI. plexin/seiTiaphorin/integrln. 



two adjacent metal coordination sites, tlic adjacent to 
MIDAS (ADMIDAS) site and the ligand-associated 
metal binding site (LIMBS) (F1G.7)"*•'^ 

'ITic flmction of the I -like domain seems to be regu- 
lated by conformational changes similar to those 
obsci*ved in the I domain, in which a downward move- 
ment of the C-terminal a-helix allosterically alters the 
geometry of the MIDAS and increases the affinity for 
ligand"'^*'. Outward swing of the hybrid domain relative 
to the I -like domain (FIGS 3b and c) is thought to be 
coupled to die downward shift of the C-terminal a-helix 
of the I-like domain^ '-^^ 

p-propeller domain. The N-terminal region of the inte- 
grin a-subunit contains seven repeats of -60 amino 

acids, which fold into a seven-bladed f3-prope]ler 
domain'* -' (FIG. 2). A p-propeller domain with the same 
topology is found in the trimeric G-protein p-subunit. 
The P-propeller domain direcdy participates in ligand 
recognition in those integruis that lack a 1 domains^. 

Structure of the headpiece in integrins that lack 
I domains. The structure of avp3 reveals that the Mike 
domain makes extensive contact with the p-propeller 
domain, with the *top' ligand-binding faces of each 
domain oriented at -90* to one another (FIG. 3c)'*. Loops 
in blades 2, 3 and 4 of the P-propeller domain are 
prominent in the ligand-binding site. The structure of 
avp3 in complex with a cyclic peptide containing an 
Arg-Gly-Asp (RGD) sequence demonstrated binding to 
both the a- and p-subunits at the p-propelter/I-Iike 



domain interface (FIG. 3c). The Asp carboxylic acid side 
chain coordinates directly to the metal of the p-subunii 

I-like domain MIDAS, whereas the Arg side chain binds 
to the a-subunit P-propeller domain^^. Mapping by 
mutagenesis of residues important in binding to fib- 
rinogen, the biological ligand of allbp3, demonstrated a 
much larger interaction surface, centered on blades 2 to 
4 of the a-subunit p-propeller domain and the SDL 
loop of the P-subunit I-like domain (FiG. ?)"•'". 

Intriguing structural homology exists between the 
integrin p-propeller domain and the trimeric G-protein 
p-subunit, and between integrin I and Mike domains 
and G-protein a-subunits'''^^ Dissociation of these 
domains on activation occurs in G-proteins; however, in 
integrin activation there is little rigid body movement of 
the p-propeller domain relative to the I-like domain'^. 
Instead, ligand-binding affinity seems to be regulated 
primarily by conformational changes in loops of the I-like 
domain and p-propeller domain. 

Structure of the headpiece in integrins that contain 
I domains. In integrins that contain I domains, the 
I domain binds ligand, whereas the p-propeller and I-like 
domains have a regulatory role (FIG. 4)*''*', The bottom of 
the I domain is connected at its N and C termini to 
blades 2 and 3 of the p-propeller, respectively A linker of 
-15 residues C-terminal to the I domain is located near 
the p-propeller/I-like domain interface, which corre- 
sponds to the ligand-binding face in integrins that lack 1 
domains. It has been proposed that the Mike domain, 
when activated, interacts with a portion of this linker, 
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and thereby relays activation to the I domain''""^*^-. The 
polypeptide linker between the C terminus of the 
I domain and p-sheet 3 of the p-propeller domain, 
including aL residue Glu-310, is important in I domain 
activation-^*. 1 domain activation is induced by a down- 
ward pull on the C-terminal a-helix or linkeI^■^^ It is 
proposed that the universally conserved residue Glu- 
310 in the I domain linker is an intrinsic ligand/ and 
that binding of the activated p2 1-like domain to this 
intrinsic ligand pulls the C-terminal a-helix of the 
I domain downward, and activates high affinity for ligand 

Stntcturai basts of signal transmission. Intracellular sig- 
nalling pathways that are activated by other receptors 
(for example, receptors coupled to G-proteins or tyro- 
sine kinases) impinge on integrin cytoplasmic domains 
and enliance tlie activity of tlie extracellular headpiece for 
ligand binding*''~*^ Recently, the basis for bi-directional 
signal transmission across the membrane by integrins 
has been explained. The integrin a- and p- cytoplasmic 
tails associate with each other and constrain the integrin 
in its inactive form. Dissociation of thea/p cytoplasmic 
tails by signals within the cell leads to the activation of 
the extracellular parts of the integrin-' --''*^"'''. In the 
latent, low-affinity state, the integrin assumes a bent con- 
formation (FIG. 3a) Separation of the a- and p-sub- 
unit cytoplasmic domains is linked to separation of the 
transmembrane domains and the membrane-proximal 
segments of the a- and p-extraceliular domains, which 
destabilizes the interface between the headpiece and 
tailpiece, and induces a switchblade-like opening to an 
extended conformation (FIG. 3b). This re-orientates the 
ligand-binding face and exposes activation epitopes in 
the tailpiece. In the extended conformation, two differ- 
ent conformations of the headpiece, termed closed 
{E'IG. 3b) and open {FIG. 3c), are seen^-\ In the bent confor- 
mation, only the closed conformation of the headpiece 
is present'". Therefore, extension facilitates adoption of 
the open conformation of the headpiece, which corres- 
ponds to the ligand-bound and high-afifinity confor- 
mation-'. In tlie open headpiece conformation, there is 
a marked change in orientation between the 1-Iike 
domain and hybrid domain (FiG.3b and 3c), and this is 
postulated to be linked through movement of the 
C-terminal I-like domain a7 helix to conformational 
changes at the I-like domain MIDAS, similar to the 
conformational changes seen in I domains". Linked 
changes in p-propeller loops may also occur. Notably, 
many antibody epitopes that are buried in the bent 
conformation become exposed in the extended confor- 
mation. As described below, ligand-mimetic integrin 
antagonists also induce the high-affinity, extended con- 
formation. This has important clinical implications, 
especially foraIIbp3 antagonists. 

In solution, and apparently on the cell surface as 
well, integrins are not fixed in a particular conforma- 
tion, but equilibrate between them" (FIG. 3a-c). 
WTiether or not the equilibrium favours the bent, low- 
affinity conformation or the extended, high-affinity 
conformation is affected by the presence of activating 



ICAM-1 




Figure 4 | Model of integrin aLp2, which contains an 
I domain, bound to ICAM-1 . Domains, except for the 
I domain and intercellular adhesion molecule-1 (ICAM-l), 
are the same as those of avf^3 in fig. 3c. The aL I domain and 
its complex with the N -terminal 2 domains of ICAM-1 are 
cartoons based on crystal structures^"; the C-terminal I dojnain 
(fhelix is represented by a cylinder in its low-affinity (blue) and 
high-affinity (orange) conformation. The 1 domain is joined at the 
point of its insertion in the p-propeller domain but Its orientation 
is arbitrary; the I domain and ICAM-1 are shown at slightly larger 
scale for emphasis. Mg*^ ions at the metal-ion-dependent 
adhesion site of the I and the l-Iike domains are gold spheres. 
Ca^' ions and a metal at the p2 ligand-assodated metal binding 
site are not shown. I-EGF, integrin-epldermal growth factor 
domain; PSI. ptexin/semaphorin/integrin. 



intracellular factors and the concentration of 
extracellular ligands. Activation by signals within the 
cell (inside-out signalling) induces straightening and 
stabilizes the extended form. Binding of extracellular 
ligands also stabilizes the extended conformation and 
therefore enhances the separation of integrin tails, 
which transmits signals to the cytoplasm (outside-in 
signalling). Therefore, transition from the bent to the 
extended conformation is a bi-directional, allosteric 
mechanism for relaying conformational signals 
between the integrin headpiece and the cytoplasmic 
domains. All biological integrin ligands are multiva- 
lent, and can therefore also induce integrin clustering, 
which seems to be required, in addition to conforma- 
tional change, for outside-in signalling. 
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Rgure 5 1 Stereo view of alternative conformations of the aM I domain. The regions with 
significant conformational clianges are shown in blue (closed, low affinity) and yellow (open, high 
affinity). Regions with similar backbones are in gray. Mg^* Ions and side chains of metal- 
coordinating residues at the metal-ion-dependent adhesion site are In blue (closed, low affinity) and 
yellow (opefi, high affinity) with red oxygen atoms. Ribbon diagrams are prepared as described *. 



Integrins lacking I domains: allbp3 

allbps biology. allbp3, which is the receptor for fib- 
rinogen/fibrin, is expressed exckisiveiy on platelets and 
their precursors, and mediates platelet aggregation and 
thrombus formation. On resting platelets, allbp3 is 
inactive, but when platelets are exposed to agonists such 
as thrombin, ADP and platelet-activating tactor, allbp3 
undergoes changes to the extended, active conlbrmation 
that binds fibrinogen, and additional allb^B receptors 
are mobilized to the cell surface from an a-granule stor- 
age pool'". Platelet aggregation is a prerequisite for 
thrombus formation, which first diminishes and then 
stops blood supply to organs, and subsequently results 
in tissue ischaemia. Integrin allbp3 has a key role in the 
pathogenesis of thrombotic cardiovascular diseases, 
such as ischaemic heart disease and stroke. The develop- 
ment of integrin antagonists was pioneered with 
allbf33, for which there are three distinct clinically 
approved therapeutics and an extremely large medicinal 
chemistry literature^*"*. 

Structural features of biological Hgands. In addition to 
fibrinogen, allbp3 binds to plasma and matrix proteins, 
such as vWF, fibronectin, thrombospondin and vit- 
ronectin. These ligands all share an RGD or RGD-like 
motif that is central in their receptor binding site. A sub- 
set of integrins that lack 1 domains, including allbp3, 
avp3, and a5(3 1 , recognize the RGD motif. Plasma 
fibrinogen is a disulphide-linked dimer, with each 
monomer containing disulphide-linked a-, and 
Y-subunits. The monomers dimerize at their N-terminal 
ends. The crucial recognition motif for allbp3 is an 
RGD-like Lys-Gln-Ala-Gly-Asp-Val (KQAGDV) motif 
near the C-terminal*end of they-subunit, although two 
RGD sites in the a-subunit may also be recognized-\ 

A family of integrin ligands containing RGD or 
KGD motifs Ibund in snake venom are named disinte- 
grins for their ability to inhibit platelet aggregation by 
interacting with allbp3. In contrast to fibrinogen. 



which binds only active cxllbp3, the disintegrin echis- 
tatin can bind potently to both active and inactive 
forms of the integrin^'. 

Antagonist action and effects on conformation. Using 
the RGD motif and disintegrins as leads, allbp3 antago- 
nists have been developed that are cyclic peptides con- 
taining the RGD or KGD sequence, peptidomiitielics, or 
small molecules that imitate the integrin-binding prop- 
erties of the RGD peptide in terms of overall geometry 
and the presence of a basic moiety and free carboxyl 
group^' (FIG. 8a). The antagonists function as ligand- 
mimctic competitive inhibitors. A crystal structure of a 
cyclic RGD peptide bound to the closely related ctvp3 
integrin demonstrates that the Arg guanidinium moiety 
forms salt bridges to Asp residues in p-propeller loops, 
and the Asp carboxyl group ligates the metal ion in the 

I- like domain MIDAS, whereas the Gly makes few 
interactions and essentially serves as a spacer". These 
observations are in excellent agreement with structur^^- 
activity relationships observed for small-molecule 
antagonists^'^'. Furthermore, the contacts of the cyclic 
RGD peptide with avp3 (Fic.3c) correspond to the 
centre of the binding site for fibrinogen in allbp3 
defined by mutagenesis (PIG. 7). 

Antagonist-induced active conformation. Binding of 
natural ligands to integrins induces exposure of 
neoepitopes referred to as ligand-induced binding site 
(LIBS) epitopes^'^ '^"". The exposure of LIBS epitopes is 
a consequence of conformational changes, and is usu- 
ally induced by activation as well as binding of ligands. 
Some, if not all, small-molecule antagonists of allbp3 
induce LIBS epitopes just as natural ligands do, indicat- 
ing that the antagonists induce tlie active conformation 

(FIG. 9a-<)^'^^^ 

Two-step binding kinetics also demonstrate that a 
conformational rearrangement occurs on ligand bind- 
ing. Two-step kinetics have been demonstrated for 
both the binding of purified fibrinogen to purified 
integrin allbp3 (itEFS 59.60), and the binding of fluores- 
cent RGD pcptidomimetics to anbp3 on intact 
platelets**'. In a fast reaction, a low-affinity complex is 
first formed. In a reaction with slower kinetics, the 
low-affinity complex is converted to a higher-affinity 
complex. The for conversion by peptidomimetics is 

I I- 16 seconds {REK 61). These findings are consistent 
with observations that cyclic RGD peptides bind to the 
bent, low-afFmity conformation of avp3 (Rf:f.35) (FIG. 3a), 
and induce conversion to the extended conformation 
with open headpiece-' (fig. 3c). 

Most ligand- mimetic antagonists induce LIBS epi- 
topes that are topographically widely distributed over tlie 
allb and p3 subunits, whereas some, sudi as lamifiban 
(Ro44-9883) and tirofiban (MK383), induce only a sub- 
set of LIBS** '*^. Some antagonists, including tirofiban and 
lamifiban, bind to the active form of allbp3 with 
markedly higher affinity than to the inactive form, simi- 
larly to the natural ligand fibrinogen. Others, such as 
L-736622, bind to active and inactive forms with equal 
afHinity, similarly to tlie disintegrin echistatin**. 
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SDS-PAOE 

(Sodium doclccyl sulphate- 
polyacrylamide gd electro- 
phoresis). A method for 
resolving a protciii into its 
subunits aiid determining their 
separate molecular weights. 

THROMBtJCYTOPAENlA 
A disorder in which the 
number of platelets is 
abnormally low, and which is 
sometime.s associated with 
abnormal bleeding. 



In addition to the induction of the active conforma- 
tion, high-affinity small-molecule antagonists of allbp3 
tighten association between the a- and (i-subunits. 
When allbps is incubated in SDS at room temperature, 
the non-covalently-associated subunits separate and 
migrate as a- and p-monomers in sds-pagk. However, 
when pre-treated with high-affinity small-molecule 
antagonists or echistatin, allbp3 migrates as an rt/p 
complex in SDS-PAGE*'-<^\ Formation of the SDS- 
stable cx/p complex requires cations, possibly because 
of the metal requirement for antagonist binding to the 
I-like domain MIDAS. A fragment of allbp3 contain- 
ing only headpiece domains is also stabilized as a dimcr 
in SDS-PAGH by a high-aflinity antagonist'\ This 
shows that it is the a-subunit p-propeller interface with 
the p-subunit I-like domain that is stabilized by the 
compounds, which is consistent with compound 
binding across this interface. 

AH clinically approved allbp3 antagonists elicit 
THROMBOOTOPAr.MA in a small subgroup of up to 2% of 
patients*'-'^'**. The exposure of neoepitopes by ligand- 
mimetic antagonists is an obvious concern, although 
the antibody antagonist abciximab, which does not 
induce neoepitopes, also elicits thrombocytopaenia. 
Recently, drug-dependent antibodies against allbp3 
have been associated with the incidence of thrombo- 
cytopaenia in trials of the oral cxllbp3 antagonist roxi- 
flban'"•''^ Interestingly, the antibodies show specificity 
for the aIIbp3-antagonist complex; that is, a lack of, or 
limited, crossreactivity with C(IIbp3 complexed with 
chemically distinct antagonists. Furthermore, drug- 
dependent antibodies were found to pre-exist in the 
general population at a frequency of 1%**. 

Agonistic effects of antagonists. The functional conse- 
quences of the antagonist-induced active conforma- 
tion have been hotly debated**'^^'^. Agonistic effects of 
antagonists have been demonstrated with RGD pep- 
tides and small-molecule antagonists that are known 
to induce LIBS^*^'". Purified allbp3, pre-incubated 
with RGD peptide, followed by removal of bound 
peptide, is activated for binding to soluble fibrinogen, 
whereas the continued presence of RGD peptide 
inhibits fibrinogen binding. When platelets are incu- 
bated with RGD or small-molecule antagonists, then 
fixed, and washed to remove the antagonists, fibrino- 
gen binding is activated. So, antagonists not only 
expose LIBS epitopes but also induce the high-affinity 
ligand-binding conformation. By contrast, on intact, 
unfixed platelets, the antagonist-induced active con- 
formation is reversible and does not persist after the 
antagonist is washed out**'*". The reversibility of 
the antagonist-induced active conlbrmation in intact 
platelets has important implications for the develop- 
ment of therapeutics, because without it drug clear- 
ance would be expected to result in enhanced platelet 
aggregation. Membrane and/or cytoplasmic interac- 
tions have been proposed to explain the reversal 
in the antagonist-induced active conformation that 
is seen in intact platelets but not in purified allbp3 
(REF. 57). 




Figure 6 1 Ribbon diagram of the aL 1 domain in complex 
with an a I allosteric antagonists^. The I domain adopts a 
Rossmann fold in which the central f^-strands (green) are 
surrounded by seven a-helices (blue). A Mg-* ion (yellow) is 
located at the metal-ion-dependent adhesion site (MIDAS) on 
the 'top' of the domain, whereas the C and the N tennini, which 
conned to the p-propeBer domain, are on the bottom. Die o I 
allosteric antagonist (shown by a space-filling representation with 
silver caiton atoms and red oxygen atoms) binds h the hydro- 
phobic pocket underneath the C-tenninal a-helix and stabilizes 
the I domain in the closed conformation. The side chains within 
the antagonist-binding pocket are shown witti gold tx)nds and 
carbon atoms, red oxygen atoms, and blue nitrogen atoms. The 
residues crucial for binding to ICAfv1-1 and ICAM-2 are shown 
with purple side chains and yellow sulphur, red oxygen, and blue 
nitrogen atoms. Note that these residues are located around the 
MIDAS, distal from the antagonist binding site. 



A striking featiu-e of integrins is their ability to trans- 
mit signals bi-directionally across membranes, and so 
the induction of an active conformation by antagonists 
raises the question of whether they could trigger out- 
side-in signalling in a manner similar to natural ligands. 
However, antagonists fail to trigger Ca^' signalling in 
resting platelets, although after pre-activation by tiirom- 
bin, antagonists could elicit Ca-"" signalling indirectly via 
thromboxane production^**. Antagonists did not 
induce degranulation as measured by P-selectin expres- 
sion in resting platelets*^. In contrast to biological ligands, 
allbp3 antagonists are monovalent, and this seems to 
explain their lack of efficacy in initiating outside-in 
signalling in spite of potent induction of UBS. Indeed, 
RGD peptides immobilized on beads, but not in solution, 
elicit Ca** signalling through avp3 integrin'". 

Integrins lacking I domains: avp3 

avf$3 biology. The integrin avp3 recognizes a wide 
range of extracellular matrix ligands, including vit- 
ronectin, fibrinogen, fibronectin, thrombospondin. 
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Figure 7 | allbp3 headpiece and critical residues for 
ligand binding. The aWb f^propeller domain is modelled on 
tliat of av(J3. The p-propeller (blue) and the l-like domain (red) 
are shown as ribbon representations. Critical residues for 
binding of (tllbpS to fibrinogen were identified by mutagenesis 
and defined as described^^'^and are stiown as Cn-spheres 
of similar colour to the ribbon backbone. Ca^* ions at the 
p-propeller and the adjacent to metal-ion -dependent 
adhesion site of the l-like domain are orange. Mg** ions at 
the metal -ion -dap en dent adhesion site and ligand-associated 
metal binding site are black and silver, respectively. A cyclic 
Arg-Gly-Asp (RGD) peptide is shown with yellow bonds and 
red oxygen atoms and blue nitrogen atoms. 



vWF and osteopontin. Cells including smooth muscle 
cells, endothelial cells, monocytes and platelets express 
avp3. Increased expression of avp3 is observed on the 
vasculature in tumours and on several invasive malig- 
nant cells, indicating a role in tumour angiogenesis and 
metastasis^'. Inhibition of angiogenesis and tumour cell 
growth by avp3 and avp5 antagonists has been seen in 
vivo''^', but, surprisingly, genetic ablation of these recep- 
tors does not block angiogenesis and can even enhance 
it". Among other mononuclear phagocytes, avp3 is 
expressed on osteoclasts, where it has an important 
function in interacting with the bone matrix and in 
bone resorption. Antagonists of avp3 block bone 
resorption in vitro and in viVo, making avP3 an impor- 
tant target in diseases such as osteoporosis". 

Antagonist action and effects on conformation. Antago- 
nists of avp3 (I-IG. 8a) are RGD mimetics that were 
developed to be selective for avp3 as compared with 
allbp3, and compared with integrins containing the ctv 
subunit associated with other integrin p-subunits 
(avp 1 , avps, avp6 and avp8; FIG. i ). The specificity of 
c>'clic-RGD-containing peptides for avp3 over allbp3 
was achieved by chemically favouring a type I p-turn 
over a type II p-turn'\ This alteration of the P-turn 
changes the orientation of the Arg residue tliat binds to 
the a-subunit relative to the Asp residue that binds to 
the p-subunit, thereby affecting a-subunit specificity. 
Similarly, non-peptidic antagonists tliat arc selective for 
allbp3 can be converted to selectivity for avp3 by 
chemically altering the structure and orientation of the 
basic moiety that mimics die Arg guanidinium group''. 
In agreement with this fmding, the salt bridges that cxv 



and ctllb p-propeller domains form with the Arg 
guanidinium group must differ. In the avp3-cyclic 
RGD crystal structure, Asp residues in the loops con- 
necting p-propcller blades 2 and 3, and connecting 
blades 3 and 4, donate salt bridges^^ In each of these 
loops in al lb, an Asp is not present in the same posi- 
tion, but an Asp residue is present one residue further 
towards die C terminus in the same loop. 

As described above, avp3 antagonists bind to the 
bent, low-affinity conformation of civp3 iREF. 35) and 
induce conversion to the extended, high-affmity con- 
formation-' and exposure of UBS epitopes"^'"^. High- 
affinity avp3 antagonists stabilize association of the 
av and p3 subunits in SDS'*\ An interesting agonist 
activity of a cyclic RGD antagonist has been 
observed". At concentrations near the of the 
antagonist, it stimulated binding of purified avp3 to 
multiple ligands, whereas at higher concentrations it 
inhibited binding; however, a similar agonistic effect 
on native cell-surface avp3 has not been reported. 

Integrins lacking I domains: a4p1 

a4fil biology. The integrin (:t4p 1 is expressed on lympho- 
cytes and monocytes, as well as on some connective tissue 
cells. There is a transient requirement for a4 in placenta- 
tion and early heart development; however, in adult 
animals a4 is much more important in immune 
function". a4pl also functions in interactions between 
bone marrow stromal cells and haematopoietic progeni- 
tor ceUs, particularly B-cell progenitors. a4pi is impor- 
tant in physiological lymphocyte trafficking, as well as in 
leukocyte migration during inflammation, and is impli- 
cated in the pathogenesis of autoimmune and allergic dis- 
eases^" Furthermore, a monoclonal antibody to a4 has 
shown therapeutic benefit in controlled trials in multiple 
sclerosis and Crohn s disease patients""-*'. a4p 1 binds to 
the iunnunoglobulin superfamily (IgSF) molecule vascu- 
lar cell adhesion molecule- 1 (VCAM-1) on vascular 
endothelial cells, and mediates both rolling and firm 
adhesion in shear flow^*". a4pl also binds to fibronectin 
in tlie extracellular matrix. 

Structural features of biological ligands. In contrast to 
other integrins, including allbp3, avp3, and aSpi, 
which bind to the RGD motif in the tenth fibronectin 

type 3 {FN3) module of fibronectin, a4pl binds to a 
distinct site. a4pl binds to an LDV motif in fibronectin 
which is present in an alternatively spliced region follow- 
ing the fourteenth FN3 module. This region is termed 
connecting segment 1 (CS- 1 ), and is non-homologous to 
the fibronectin type 1, type 2 and type 3 modules. 

VCAM- 1 contains six tandem IgSF domains. a4pl 
recognizes both domains 1 and 2. The most crucial site 
for recognition is an Asp residue in an IDS motif that 
protrudes from domain 1 near the interface with 
domain 2. The three-dimensional structure of domains 
I and 2 of VCAM- 1 shows that the short loop bearing 
the IDS sequence is highly ordered''^ in contrast to the 
flexible, long loop bearing the RGD sequence in FN3 
module 1 0 of fibronectin'*^ a structure for the CS- 1 
segment of fibronectin is not yet available. 
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Figure 8 1 Chemical structures of small-molecule integrin antagonists, a | (i/p l-like competitive antagonists. Two clinically 
approved small- ritolecule antagonists of fdlb('»3 (UEF. 6), two representative rtv('.3 antagonists'"^'"", and two representative a4(^1 
antagonists'"^ are shown, b | a I allosteric antagonists. BIRT0377 (RBR 9b), LFA703 (RER m ), and A-286982 (RER97) are stiown. 
c I (tj\\ l-like allosteric p2 antagonists compared with rx/f^ l-like competitive a4 antagonists. The antagonists are all poly- 
substituted (S)-2-benzoylaminopropionic acids. Compounds 1 , 3, 4 (R£FS 102,I03), XVA143 (REFS 98.101), and a Tanabea4|^1 
antagonist'*' are shown. The integrins antagonized by these compounds, which both contain I domains (ttLp2 and aMp2) and 
lack i domains (K4p1) are indicated. 
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Figure 9 1 Mechanisms of inhibition and impact on integrin conformation of small-molecule antagonists. Cartoons illustrate 
conformatlofial changes in ttie headpiece of a represetitative integrin that lacks an I domain. a[\bf>3 (a-c), and a representative integrin 
that contains an I domain, a\4^2 (d-g). Fa clarity, Ofily headpiece domains are shown, a»id domains in tegs are simplified as lines. The 
outward-oriented (obtuse angled) hybrid domain correlates with exposure of activation-dependent epitopes In the legs and adoption of 
the extended conformation. FBN, fibrinogen; ICAM-1 , intercellular adhesion nnolecule-l ; MIDAS, metal-ion-dependent adhesion site. 



IMMUNOLOGICAL SYNAPSE 
T-cell recognition of an antigen 
presenting cell (AI'C). whicli is 
the initial and crucial process in 
the antigen-specific immune 
response, takes place at the 
nanomctci'-scale gap of rhe 
interface benvcen the T cell and 
APC.This interface is a 
specialized a;ll-<ell junction, 
at which crucial signals to 
initiate and maintain the 
immune response are trans* 
duced from APC to T cell or vice 
versa. ITie interface is called an 
immunological synapse after the 
neuronal synapse, a segregated 
gap through which information 
is transmitted in chemical form 
(neurotransmitter) from one 
neuron to another. 



Antagonist action and effects on conformation. Starting 
from cyclic peptides or random screening, a wide vari- 
ety of small-molecule a4pi antagonists have been 
developed, all of which contain a crucial carboxyl group 
tl>at mimics the Asp of the LDV or IDS sequences***'"''^ 
{Fic.saj. Chemical crosslinking demonstrated binding 
of one of these antagonists to the MIDAS loops of the 
pi I-like domain, which confirms binding to the same 
site as biological ligands'". Mutagenesis has demon- 
strated the importance of the pi l-like domain MIDAS 
and nearby a4 P-propeller loops in the binding of 
fibronectin and VCAM- 1 (rei-. 86). An LDV peptide that 
blocks a4pl -mediated adhesion induces LIBS epi- 
topes'''^*'. Therefore, ligand mimetics seem to stabilize 
a4pl integrin in an active conformation. Multiple 
affinity states of cx4pi are revealed by binding of a flu- 
orescent LDV peptide derivative**. 

Integrins containing I domains: p2 integrins 

Biology of p2 integrins. The p2 integrins (aLp2 or 
lymphocyte function-associated protein- 1; aMp2 
or Mac-1; aXp2 or pl50,95; and aDp2) (fic. i) are 
expressed exclusively on leukocytes. aLp2 and aMp2 
are crucial in leukocyte migration into sites of inflam- 
mation, and, in the case of aLp2, into lymphoid tissues 



(BOX 2) (KEFS 2,89). aLp2 is required for a wide variety of 
cell-cell interactions, including T cells with antigen- 
presenting cells, B cells with T cells, and natural killer 
cells with target cells, and acts as a co-stimulatory mole- 
cule in essentially all T-cell responses, which correlates 
with its participation in the formation of the immuno- 
LOGiOLSYNAPSE*. As showii by mutation of the p2 integrin 
subunit in leukocyte adhesion deficiency I, P2 inte- 
grins are essential for host defence against micro- 
organisms. Furthermore, p2 integrins are important 
in the pathogenesis of leukocyte-mediated tissue 
injuries in inflammation and autoimmunity'^. Of the 
leukocyte integrins, only aLp2 is expressed on most 
lymphocytes, whereas aMp2 predominates on neu- 
trophils (aLp2 and aXp2 are also present). Diseases in 
which neutrophils are important, such as cerebral and 
myocardial infarction and shock, have usually been 
targeted with antagonists of all p2 integrins or of 
aMp2. By contrast, diseases in which lymphocytes are 
important, such as psoriasis, rheumatoid arthritis, and 
organ transplant rejection, have usually been targeted 
with antagonists specific for aLp2 (REFS 5,12.13.91), 
Phase III clinical trials in psoriasis with a monoclonal 
antibody against the aL 1 domain have been success- 
fully concluded". 
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Structural features ofiigands for p2 ititegrins. aLj^l 
binds exclusively to IgSF cell-surface molecules termed 
intercellular adhesion molecules (iCAMs), whereas 
aMp2 binds to ICAM-1, fibrinogen, complement 
component iC3b and many other protein ligands. The 
major endothelial ligand for both aLp2 and aMp2 is 
ICAM-1, which comprises five tandem Ig-like 
domains^^ The binding sites for aLP2 and aMp2 are 
located in domain 1 and domain 3 of ICAM- 1, respec- 
tively. An acidic residue, Glu-34, in domain 1 of ICAM-1 
directly ligates the metal at the MIDAS motif of the aL 
I domain, as recently shown by X-ray crystallography^- 
(¥\G. 4). In contrast to tlie crucial Asp in VCAM- 1 , which 
is in a protruding loop, the crucial Glu of ICAM- 1 is pre- 
sent in a p-sheet in a relatively flat surface". A different 
acidic residue in domain 3 is implicated in recognition 
by the oM I domain". 

Antagonist action and effects on conformation 

Direct inhibition of ligand binding to the I domain. As 
the top face of the I domain around the MIDAS 

directly binds ligands, binding of inhibitors to the 
same site on the I domain is a straightforward way to 
block function competitively. Indeed, many inhibitory 
antibodies map to the I domain-'''''^ Although most 
inhibitory 1 domain antibodies directly block ligand 
binding, some that bind more distal to the MIDAS 
inhibit ligand binding indirectly, similarly to the a I 
allosteric antagonists discussed belovv^'. 

Allosteric I domain inhibitors. As discussed above, the 
affinity of the I domain is allosterically regulated by con- 
formational change. Downward axial displacement of 
the C-terminal helix is linked to structural rearrange- 
ments at the ligand-binding site, the MIDAS (FIG. 5 and 
9d,e). One class of small-molecule inhibitors, termed ct I 
allosteric antagonists {I-IG. 8b), bind underneath the C- 
terminal a>helix of the aL I domain (FIG. 6) (rrfs 95-97). 
The antagonists bind to and stabilize the closed confor- 
mation of the I domain, inhibit conversion to the higli- 
afHnity, open conformation, and thereby allosterically 
inhibit ligand binding to the distal MIDAS site (FIG. 9g). 
ITie mode of action of the antagonists is confirmed by a 



mulani aL I domain that is locked in the open, high- 
affmity conformation with an engineered disulphide 
bond that stabilizes the position of the C-ierniinal 
a-helix (the high-affinity I domain) "^'-^"''*'. aLp2 contain- 
ing the locked open, high-affinity 1 domain is resistant to 
inhibition by a I allosteric antagonists'". 

Binding of cx I allosteric antagonists to the pocket 
under the C-terminal a-helix of the I domain affects 
not only the conformation of the I domain regionally, 
but also the conformation of the aLp2 hcterodimer 
globally. Some a 1 allosteric antagonists perturb the 
binding of antibodies against the I-like domain^^ 
Furthermore, the antagonists reduce exposure by the 
activating agent Mn-' of activation-dependent epi- 
topes in the p2 1-like domain, as well as in the a- and 
p-subunit legs^'**'"". Downward movement of the I 
domain C-terminal helix seems to be a prerequisite for 
binding of the intrinsic ligand Glu-310 in the aL I 
domain linker to the MIDAS of the (i2 Mike domain 
(FIG. 9). In the absence of this interaction, activation of 
the I-like domain is inhibited, as shown by suppression 
of exposure by Mn-* of an epitope in the l-like domain. 
Suppression of epitope exposure in the a- and p-legs 
shows that the a I allosteric antagonists shift the con- 
formational equilibrium toward the bent conforma- 
tion. Therefore, the conformation of the I domain is 
linked, apparently through the I-like domain, to the 
conformation of the leg domains. These results high- 
light the extensiveness of conformational linkages 
within integrins. 

a/p Nike allosteric antagonists. The I-like domain of the 
P2 subunitof aLp2 is a regulatory domain"". A class of 
aLp2 and aMp2 small-molecule antagonists patented 
by Roche and Genentech'"^'"'^ (FIG. 8c) has recently been 
found to perturb the interface between die I domain and 
the I-like domain-'^ '^". These inhibitors are polysubsti- 
tuted (5)-2-benzoylaniinopropionic acids, in common 
with some inhibitors of a4pi, which lacks an I domain 
(FIG. 8). Indeed, compound 1 , which was used as a lead to 
develop aLp2 and aMp2 antagonists at both Genentech 
and Roche, was initially discovered during random 
screening as an a4p] antagonist at Roche, and inhibits 



Box 2 1 Multl'Step model of leukocyte migration 

Infiltration and accumulation of leukocytes in the extravascular space is a hallmark of inflammation. Leukocyte- 
endothelial cell interaction, which involves multiple processes mediated by adhesion molecules and chemokines, is crucial 
in guiding leukocytes from the blood stream to the site of inflammation^. The initial step is rolling, which is mediated by 
selectins and their carbohydrate ligands and, additionally, a4 integrins. The rapid and fc^^^^of .selectin-carbohydrate 
ligand interaction allows flowing leukocytes to tether and roll along endothelial ceUs under shear flow. Rolling slows down 
flowing leukocytes and places them in proximity to endothelial cells where chemokines are transported and expressed. 
Rolling facilitates encounter of leukocytes that express chemokine receptors to the corresponding chemokines presented 
on the apical surface of the endothelial cells. The second step is activation of G-protein-couplcd receptors on leukocytes by 
the chemokine, which triggers signals that activate integrins. In turn, the ligand-binding activity of integrins is rapidly 
enhanced by inside-out signalling. Biiiding of integrins to ligands on endothelium such as intercellular adhesion molccule- 
1 mediate firm adhesion and arrest of the leukocyte on the endothelium. These three steps take place in sequence but not in 
parallel. So, inhibition of any one of the three steps results in essentially complete blockade of leukocyte migration. 
Although the (32 integrins, ctMf32 and (^[J|^2^ are most generally utilized in neutrophil and lymphocyte migration, 
respectively, a4 integrins such as a4|^ 1 and a4^7 also participate in leukocyte migration, and play a pivotal role in certain 
tissues. The a4|^ 1 and a4p7 integrins mediate rolling adhesion prior to activation, and firm adhesion after activation. 
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aL\M and a4(5 1 vviih similar micromolar potency. This 
novel class of aLp2 antagonists camiot inhibit the bind- 
ing of isolated wild-type or mutant intermediate-affinity 
or high-affinity I domains to ICAM-1, whereas purified 
ICAM-l docs inhibit these binding interactions'"*. 
Therefore, the Genentech compounds do not mimic 
ICAM- 1, as previously suggested'*". Furthermore, these 
inhibitors bind to aLp2, even when the a I domain is 
deleted, but do not bind when the I-!ike domain MIDAS 
is mutated*"". They can demonstrate a-subunit selectivity, 
indicating that a portion of the a-subunit near the 1-like 
domain — probably the p-propeller domain — might 
be involved in binding. Therefore, they are designated as 
a/p Mike allosteric antagonists. 

As described above, the a 1 domain seems to be 
activated when tiie {^ I- like domain binds to a conserved 
GIu residue in the linker following the I domain; that is, 
the intrinsic ligand. The findings indicate that o/p Mike 
allosteric antagonists bind to the MIDAS of the p2 
Mike domain as mimics of the intrinsic ligand, compet- 
itively inhibit binding of the intrinsic ligand in the 
1 domain linker to the Mike domain, and consequently 
leave tlie I domain in the low-energy, inactive, closed 
conformation (FIG. 90. At the same time, the a/p I-like 
allosteric antagonists stabilize the 1-like domain in its 
active configuration by mimicking intrinsic ligand bind- 
ing, as shown by induction of activation epitopes in the 
p2 Mike domain and aL and p2 legs'"". So, as a conse- 
quence of I-like domain activation, the a/p allosteric 
antagonists stabilize the extended integrin conforma- 
tion. It is interesting that the antagonists inhibit 1 
domain activation, whereas they stabilize the rest of the 
integrin in the active conformation. 

Most a I allosteric antagonists are highly selective 
for aLp2. When a/p I-like allosteric antagonists have 
been tested against integrins in addition to aLp2, cross- 
reactivity against aMp2 and 0LXp2 has been observed 
with selectivity usually close to 1 (no selectivity) and 
always less than lOO-foId^''*'"''. However, IC.^ values 
differ among antagonists. It has been possible to build 
a-subunit selectivity into avP3 and aIIbP3 antago- 
nists as discussed above. The a/p I-like allosteric 
antagonists of p2 integrins seem to bind to an analogous 
site at the Mike domain interface with the p-propeller, 
and it should be possible to chemically build in selectivity 
foraLp2 and aMp2. 

Like a/p I-like allosteric antagonists, antibodies to 
the p2 I-like domain block ligand binding indirectl/". 
However, in contrast to the a/p Mike allosteric antag- 
onists that stabilize the I-like domain in the active 
conformation, inhibitory l-like domain monoclonal 
antibodies stabilize the I-like domain in the inactive 
conformation and inhibit induction of activation epi- 
topes (A. Salas ct personal communication). 

So far, all potent small-molecule antagonists of 
I-domain-containing integrins are allosteric inhibitors, 
whereas antagonists of integrins that lack I domains 
are ligand-mimetic, competitive inhibitors. It will be 
interesting to see whether potent, competitive small- 
molecule antagonists of 1-domain-containing integrins 
can be discovered. 



Other integrins 

The integrins reviewed above are sufficient to illustrate 
tlie three different classes of integrin antagonists to date: 
a/p I-like competitive antagonists, a/p Mike allosteric 
antagonists, and a I allosteric antagonists. These inte- 
grins were chosen because they illustrate particularly 
well tlie mutually beneficial relationship between inte- 
grin drug discovery and our understanding of integrin 
structure and function. Nonetheless, it should be 
emphasized that there are other integrins that are 
important therapeutic targets. Among these are ct4P7 
and alp 1, which will be covered very briefly. 

Ct4p7 overlaps to some extent with Ci4pi in speci- 
ficity, but also recognizes mucosal addressin cell adhe- 
sion molecule- 1 (MAdCAM- 1), and is important in 
trafficking of lymphocytes to mucosal tissues^'*^ Studies 
in animal models with an antibody specific to a4p7 vali- 
date it as a target in ulcerative colitis and Crohn's 
disease'"^. Both selective a4p7 and dual-acting a4pl and 
a4p7 small-molecule antagonists have been developed. 
The efficacy of an antibody to a4, which inhibits both 
a4pl and a4p7, in Crohn's disease and multiple sclero- 
sis clinical trials*"* "' indicates that dual-acting a4p 1 and 
a4p7 small-molecule antagonists''* '^ might have an 
attraaive clinical profile. 

cx 1 p 1 , in addition to a2p 1 , a 1 op 1 and a 1 1 p 1 , con- 
tains an I domain that binds to collagen' '" (hig. i^. 
alpl is expressed on chronically activated, but not on 
resting, T lymphocytes, and an antibody against alpl, 
and to a lesser extent a2pl, shows efficacy in a wide 
variety of animal models of autoimmune disease'"*. 
Apparently, a ip I is important in T-cell migration or 
co-stimulation after these cells enter inflammatory 
sites. It should be possible to develop a/p 1-likc 
allosteric antagonists that block activation of the a I I 
domain, in a manner analogous to those that block p2 
integrins. Indeed, the chemical relationship described 
above between a4pl a/p I-like competitive antago- 
nists and aLp2 o/p Mike allosteric antagonists suggests 
that a4pl competitive antagonists would be good 
starting points for the development of alpl a/p Mike 
allosteric antagonists. 

Concluding perspectives 

Integrin antagonists are already well established as 
therapeutics for cardiovascular disease, and otlier appli- 
cations including inflammatory disease seem extremely 
promising. Work with small-molccuie antagonists has 
enhanced our understanding of the multiple structural 
linlcages between integrin domains that enable bi-direc- 
tional communication between the ligand-bindingsitc 
and the cytoplasmic domains, and which regulate trans- 
itions between the bent, low-affinity conformation and 
the extended, high-affinity conformation. Conversely, 
structural studies on integrins, and mutational studies 
that stabilize particular conformations of integrins, have 
yielded important insights into the binding sites for 
antagonists and their mechanisms of action. The finding 
that both competitive antagonists and allosteric antago- 
nists affect integrin conformation has important clinical 
implications. Most antagonists stabilize the extended. 
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high -affinity integrin conformation, in which neoepi- 
topcs are exposed. However, one class of antagonists of 
the integrin I domain stabilizes the bent, low-affinity 
conformation. It should be possible to develop a new 
class of antagonists of integrins lacking 1 domains that 
selectively bind to and stabilize the bent conformation; 



for example, compounds that would bind to and stabi- 
lize the extensive intcr-domain interfaces tliat are present 
in the bent, but not in the extended, integrin conforma- 
tions-\ Further structural work on integrins and their 
complexes should accelerate the development of current 
and novel classes of integrin antagonists. 
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Summary 

• Members of the integrin family of adliesion molecules are noii-cova- 
lently-associated o/p heterodimers that mediate cell-cell» cell-extra- 
cellular matrix and cell-pathogen interactions by binding to distinct, 
but often overlapping, combinations of ligands. 

• Dysregulation of integrins is involved in the pathogenesis of many 
disease states* from autoimmunity and thrombotic vascular diseases 
to cancer metastasis, and so extensive efforts have been directed 
towards the discovery and development of integrin antagonists for 
cliniGil applications. Integrin antagonists are already well established 
as therapeutics for cardiovascular disease, and applications in other 
therapuetic areas, including inflammatory disease, seem extremely 
promising. 

• Integrin ligand-binding function is tightly linked to molecular con- 
formation. On activation, dramatic rearrangements occur in the 
overall spatial relationships of integrin domains. Understanding the 
structural basis of integrin activation in detail is essential for under- 
standing the mechanism of antagonism by therapeutics, as well as for 
the design of second<gencration antagonists with novel mechanisms 
of action. 

• This review discusses examples of the three different classes of inte- 
grin antagonists discovered so far: a/(i l-like competitive antagonists, 
a/p Mike allosteric antagonists and cx I allosteric antagonists. These 
examples were chosen because they illustrate particularly well the 
mutually beneficial relationship between integrin drug discovery^ and 
our understanding of integrin structure and function. 



